The Southern Ocean plays a dominant role in anthropogenic oceanic heat uptake. Strong northward transport of the heat content anomaly limits warming of the sea surface temperature in the uptake region and allows the heat uptake to be sustained. Using an eddy-rich global climate model, the processes controlling the northward transport and convergence of the heat anomaly in the midlatitude Southern Ocean are investigated in an idealized 1% yr 21 increasing CO 2 simulation. Heat budget analyses reveal that different processes dominate to the north and south of the main convergence region. The heat transport northward from the uptake region in the south is driven primarily by passive advection of the heat content anomaly by the existing time mean circulation, with a smaller 20% contribution from enhanced upwelling. The heat anomaly converges in the midlatitude deep mixed layers because there is not a corresponding increase in the mean heat transport out of the deep mixed layers northward into the mode waters. To the north of the deep mixed layers, eddy processes drive the warming and account for nearly 80% of the northward heat transport anomaly. The eddy transport mechanism results from a reduction in both the diffusive and advective southward eddy heat transports, driven by decreasing isopycnal slopes and decreasing along-isopycnal temperature gradients on the northern edge of the peak warming.
Introduction
Over recent decades, the ocean has absorbed 93% of the additional energy in the climate system arising from global warming (Levitus et al. 2012) . Subsurface ocean heat gain has had a beneficial impact thus far through limiting atmospheric warming. However, ocean heat gain also leads to increasingly significant sea level rise, slower ocean carbon uptake, and potentially accelerated melting of the Antarctic ice sheets (IPCC 2013) . The Southern Ocean has been recognized as an important region for ocean heat uptake, dominating the net global uptake (Durack et al. 2014; Frölicher et al. 2015; Roemmich et al. 2015) .
In situ temperature measurements reveal that the subsurface Southern Ocean has warmed at a faster rate than the global average over recent decades. Decadal warming trends are maximum between 408 and 558S and extend deeper than 1000 m at rates of 0.18-0.28C decade 21 (e.g., Gille 2002; Böning et al. 2008 ). Durack et al. (2014) suggest that these trend estimates may even be biased low, because of limitations of the analysis methods used in data-sparse regions. Roemmich et al. (2015) show that, over the shorter period 2006-13, which has extensive Argo float coverage, 67%-98% of the global upper ocean (0-2 km) heat content anomaly is accounted for by the Southern Ocean (208-608S), with a significant peak around 408-458S.
While intensified heat uptake by the Southern Ocean is also a ubiquitous feature of climate change simulations (e.g., Stouffer et al. 2006; Cai et al. 2010; Kuhlbrodt and Gregory 2012; Frölicher et al. 2015) , the magnitude of heat uptake varies enormously between different models. In phase 5 of the Coupled Model Intercomparison Project (CMIP5) model suite, the standard deviation of the multimodel mean heat uptake over the Southern Ocean is 640% . This is in stark contrast to the modeled CO 2 uptake in the Southern Ocean, for which the CMIP5 standard deviation is only 610% of the multimodel mean . While Southern Ocean CO 2 uptake, at this stage, appears to be controlled to first order simply by the elevated atmospheric CO 2 concentration, ocean heat uptake is more strongly dependent on a multitude of complex climate processes, including changing ocean circulation, eddies, and vertical diffusion, as well as atmospheric processes such as aerosols and cloud feedbacks. Our aim in this paper is to improve understanding of the role of ocean processes, in particular the mesoscale and overturning circulation, in contributing to the intense Southern Ocean heat uptake and the unique pattern of deep, midlatitude warming.
Drivers of the northward heat transport anomaly
Ocean heat uptake is high in the Southern Ocean because of the large-scale upwelling that exposes colder water masses to the atmosphere (Morrison et al. 2015 , and references therein). Strong westerly winds drive an Ekman divergence south of ;508S at the surface, which draws up deep waters from below. Upon reaching the surface, some of the upwelled waters are driven northward in the Ekman layer, warming and freshening as they travel north. The Ekman divergence continually upwells more cold waters, keeping the sea surface temperature low even as the atmosphere continues to warm, thereby driving additional heat into the ocean under climate change. The Southern Ocean midlatitude warming pattern evident in models and observations reveals that once the heat is absorbed at the surface over the upwelling region (;508-608S), it is transported northward and downward (e.g., Marshall et al. 2015; Frölicher et al. 2015) . This ocean heat transport anomaly is significant because it assists in keeping sea surface temperatures low, thereby allowing additional heat uptake at the surface.
It remains unclear from previous studies as to whether the heat transport anomaly away from the surface in the Southern Ocean is dominated by mean or eddy contributions. In numerical models, the climatological heat budget in the interior Southern Ocean is a balance between northward/downward heat transport by the time mean advective flow and southward/upward heat transport by eddies (e.g., Gregory 2000; Wolfe et al. 2008) . Modeling studies have found that this balance can be modified in two primary ways, both resulting in warming of the subsurface Southern Ocean. As illustrated conceptually in Fig. 1 , either the southward/upward eddy heat transport can decrease (Gregory 2000; Dalan et al. 2005; Morrison et al. 2013) , or the wind-driven northward/downward advective heat transport can increase (Cai et al. 2010; Marshall and Zanna 2014; Bryan et al. 2014; Exarchou et al. 2015; Kuhlbrodt et al. 2015) .
The first, eddy-based mechanism was highlighted by Gregory (2000) . Because of the high precipitation over the Southern Ocean, the surface waters are fresher than at depth. Therefore the temperature along an isopycnal increases with depth (i.e., the reverse of the vertical temperature gradient). As a result, eddy stirring on isopycnals (i.e., isopycnal diffusion) gives rise to an along-isopycnal heat transport directed upward and southward in the climatological state. In climate change scenarios, the surface intensified warming decreases the along-isopycnal temperature gradient, thereby reducing the upward eddy heat flux. Such a reduction in isopycnal diffusion was found to be the dominant driver of middepth Southern Ocean warming in the coarse-resolution models used by Gregory (2000) and Dalan et al. (2005) and in the idealized eddy-permitting model of Morrison et al. (2013) .
The second mechanism that has been found to drive Southern Ocean warming in models is enhanced heat advection along the pathway of the upper overturning cell (Cai et al. 2010; Marshall and Zanna 2014; Bryan et al. 2014; Exarchou et al. 2015; Kuhlbrodt et al. 2015) . In this case, the primary pathway for the heat anomaly to enter the ocean is first northward in the surface Ekman layer, followed by subduction along isopycnals into the mode and intermediate water masses. However, these studies, by construction, may be underestimating the role of isopycnal diffusion: Marshall and Zanna (2014) do not include salinity in their conceptual model (and therefore have no isopycnal temperature gradients), while Exarchou et al. (2015) show that many coarseresolution models drastically limit parameterized isopycnal diffusion in regions of steep isopycnal slopes (i.e., much of the upper Southern Ocean). It therefore remains unclear as to whether decreasing eddy (isopycnal) heat diffusion or increasing mean heat advection is the dominant mechanism for transporting the heat anomaly into the interior Southern Ocean.
A second open question regards the extent to which changes in the overturning circulation contribute to heat uptake. In models where the second mechanism (mean advection) dominates the northward heat transport anomaly, the heat uptake is sustained primarily by additional heat transported northward and downward via the overturning circulation. The temperature transport anomaly can be written as
where y is meridional velocity, u is potential temperature, and D indicates the climate change anomaly. There is some disagreement between previous studies (Winton et al. 2013; Marshall et al. 2015; Exarchou et al. 2015) regarding the relative roles of changes in velocity [(Dy)u] or temperature [y(Du)] or both [DyDu] in driving the enhanced heat transport. Observations show that Southern Ocean temperatures are increasing, meaning that the enhanced heat transport could be simply passive advection by the existing circulation [i.e., as represented by the term y(Du) (e.g., Marshall et al. 2015) ]. However, it has been hypothesized that the upwelling and northward surface transport has increased in response to elevated wind stress over recent decades (Waugh et al. 2013) . It is possible that enhanced upwelling of cold waters and more rapid northward transport of the heat anomaly has assisted in keeping sea surface temperatures low, thereby leading to increased heat uptake [i.e., as represented by the term (Dy)u]. The many outstanding questions regarding the mechanisms driving deep Southern Ocean warming provide the motivation for this study. In particular, this paper investigates what sets the unique pattern of deepreaching, midlatitude warming in the Southern Ocean (section 3). Using an eddy-rich global climate model, with explicitly resolved isopycnal diffusion, we are able to quantify the relative roles of changes in the mean and eddy heat transports and convergences (section 4). Through a detailed model heat budget analysis, we also investigate to what extent increased upwelling contributes to the enhanced mean heat advection (section 5).
Model configuration and simulations
We use the high-resolution GFDL global climate model CM2.6, which consists of a nominally 0.18 resolution ocean model coupled to an atmospheric model with approximately 50-km resolution, along with sea ice and land models. In this section, we provide details of the configuration of the ocean component, because the study focuses primarily on processes related to ocean heat transport. The other model components are described in further detail in Delworth et al. (2012) and Griffies et al. (2015) .
Based on the resolution criteria of Hallberg (2013) that the grid spacing needs to be less than half of the baroclinic deformation radius-CM2.6 resolves ocean eddies equatorward of ;558S. To avoid damping eddy activity, a low viscosity with a Smagorinsky biharmonic friction operator is used (Griffies and Hallberg 2000) . Figure 1 in Griffies et al. (2015) illustrates that the mesoscale variability in CM2.6 compares well with satellite altimeter analysis from Archiving, Validation, and Interpolation of Satellite Oceanographic Data (AVISO) (Le Traon et al. 1998; Ducet et al. 2000) over the Southern Ocean. As the model resolves eddies over the majority of the global ocean, no parameterizations are employed for either eddy advection or eddy diffusion in CM2.6. Despite the significant improvements in CM2.6 compared with previous lower-resolution models, for example in the ocean temperature bias (Delworth et al. 2012; Griffies et al. 2015) , there remain deficiencies in large regions along coastlines, near Antarctica, in the Arctic, and in much of the North Atlantic where the model may not even be considered eddy permitting.
However, over the latitude range where the peak heat content anomaly occurs in the simulation (308-558S), the ocean model grid spacing is sufficient to resolve eddies.
The ocean component of CM2.6 uses the MOM5 code (Griffies 2012) , with a z* generalized vertical coordinate. There are 50 vertical levels distributed throughout the ocean column down to 5500 m. When the ocean is at rest, the layer thicknesses vary smoothly from 10 m in the upper ocean to 210 m at the bottom. Resolved ocean tracer advection in CM2.6 is computed using a third-order piecewise parabolic method. To account for the unresolved impact of submesoscale eddies in the ocean mixed layer, the Fox-Kemper et al. (2011) parameterization restratifies near the surface, thereby contributing significantly to tracer transport within the mixed layer. The model has no prescribed background vertical diffusion, but rather a number of specific physical parameterizations for vertical mixing processes, including internal gravity wave breaking, coastal mixing, internal shear mixing, and a KPP surface boundary layer scheme (Large et al. 1994) . Regions of gravitational instability are stabilized by enhancing both the vertical diffusivity and viscosity. CM2.6 does not make use of an overflow parameterization and therefore has a weak lower overturning cell [see Fig. 1 in Dufour et al. (2015) ].
A preindustrial control simulation of CM2.6 is spun up for 120 years, with atmospheric CO 2 concentration fixed at 286 ppm. The ocean is initialized from observed climatological temperature and salinity fields. An 80-yr idealized climate change simulation, in which atmospheric CO 2 increases at a rate of 1% yr 21 , is split off from the preindustrial control after the 120-yr spinup. We refer to the starting year of the climate change experiment as year 1. Atmospheric CO 2 reaches double its initial value at year 70, then continues to increase for a further 10 yr until the end of the climate change simulation. Unless otherwise specified, the results shown are 20-yr averages at the end of the simulation [i.e., centered around the time of CO 2 doubling (years 61-80)], with anomalies calculated relative to the same time period in the preindustrial control simulation. Given the short time scale of the spinup and experiment (200 yr total), the preindustrial control climate is not in equilibrium. However, this approach does have the advantage that the simulation remains relatively close to observations. Griffies et al. (2015) show that, compared with other similar coarse-resolution or eddy-permitting coupled models, CM2.6 also has a relatively small drift away from the initial climatology. A comparison of the fidelity of the simulated Southern Ocean in CM2.6 to observed values may be found in Dufour et al. (2015) , including Antarctic Circumpolar Current transport time series, overturning circulation streamfunction, sea surface temperature, and sea surface salinity.
Distribution of Southern Ocean heat uptake and storage
We first consider the modeled surface heat flux anomaly (i.e., net heat uptake), integrated over the 80 yr of the idealized 1% yr 21 increasing CO 2 simulation (black line, Fig. 2a ). The largest zonally integrated heat uptake occurs in the Southern Ocean, between 508 and 608S. This latitude range aligns with the region where the upwelling waters reach the base of the winter mixed layer (not shown). The heat uptake south of 308S accounts for 51% of the net global uptake in CM2.6. In the control simulation, the sea surface temperature is on average warmer than the atmosphere over most of the Southern Ocean, and therefore the sensible heat flux cools the ocean. The prominent Southern Ocean heat uptake peak, between 508 and 608S, is dominated by a positive anomaly (i.e., a reduction in cooling) in the sensible heat flux component (blue line), related to the decreasing air-sea temperature difference. The presence of upwelling deep waters maintains a relatively constant sea surface temperature (SST) in the high-latitude Southern Ocean, and the atmosphere above warms faster than the ocean, thereby reducing the air-sea temperature gap. Figure 2b shows the climate-change-induced anomaly in the temperature difference between either the overlying atmosphere or sea ice (taken as the ocean freezing point temperature) and the ocean surface. Red shading indicates the spatial pattern of where a positive sensible heat flux anomaly may be expected from the temperature difference anomaly, which is in agreement with the zonally integrated sensible heat flux in Fig. 2a (blue line). To the north of the climatological winter sea ice extent (solid black line in Fig. 2b ) there is a large change in the atmosphere-ocean temperature difference as a result of the rapidly warming atmosphere and slowly warming sea surface at these latitudes. To the south of the climatological winter sea ice extent, the change in the atmosphere/sea ice-ocean temperature difference indicates more cooling from the sensible heat flux, compared with the control simulation. This is a result of retreating sea ice, such that regions covered by sea ice in the control experiment are more frequently exposed to the much colder atmosphere in the climate change experiment. The intense dipole pattern in the Weddell Sea is caused by a zonal shift of the open polynya between the control and climate change experiments, but this has only a minor impact on the zonally integrated heat flux (see blue line in Fig. 2a) . A reduction in the sensible heat flux also dominates the Southern Ocean heat uptake in the CMIP5 simulations . South of 608S, a decrease in sea ice in the climate change experiment leads to increased exposure of the ocean to the atmosphere. Without the sea ice to insulate the ocean, there is a large increase in shortwave absorption by the ocean, compensated by increased cooling due to evaporation (latent heat flux) and longwave radiation. These sea iceinduced changes south of 608S nearly exactly cancel one another so that the sensible heat flux dominates the net heat uptake. The distribution of the additional ocean heat storage in the climate change experiment is shown in Fig. 3 . Consistent with the pattern of warming in the CMIP5 historical simulations and the recent Argo trend (Roemmich et al. 2015) , there is a distinct zonal band of ocean heat storage at 408-458S, extending to more than 1000-m depth. Notably, the maximum heat storage is located ;108 farther north than the peak heat flux shown in Fig. 2a , implying an increase in the northward and downward transport of heat in the ocean. The storage peak is a persistent feature throughout the duration of the climate change simulation, remaining fixed between 408 and 458S, rather than progressing northward. The maximum zonal average Southern Ocean temperature trend at 500-m depth, averaged over the full length of the climate change simulation is 0.188C decade
21
. Though the simulation is driven by idealized 1% yr 21 increasing CO 2 forcing, rather than realistic climate change forcing (including ozone, aerosols, solar changes, etc.), the simulated heat uptake is the same order of magnitude as the current observed estimates of 0.18-0.28C decade 21 (Gille 2002; Böning et al. 2008) . Interestingly, there is minimal warming extending northward into the mode waters, despite this being the primary advective pathway into the interior ocean. Instead, the heat content anomaly remains largely to the south of the deep mixed layers in the Southern Ocean (shown by the cyan line at ;408S in Fig. 3a) , which are the formation regions of the mode waters. In the following two sections, we investigate ocean heat budgets to determine the processes that lead to the unique pattern of deep, midlatitude heat storage in the Southern Ocean. In particular, we seek to understand the processes that transport the heat anomaly northward from the surface uptake region between 508 and 608S and converge it in the upper ;1.5 km at 408-458S.
Relative roles of mean and eddy heat transports and convergences

a. Heat budget terms
Away from the surface, the ocean heat budget in a grid cell is given by
where r o 5 1035 kg m 23 is the constant Boussinesq reference density, c 0 p 5 3992 J kg 21 K 21 is specific heat capacity, dA is the horizontal grid cell area, u is potential temperature, = H is the horizontal gradient operator, u H is the horizontal velocity, F subgrid represents the horizontal parameterized subgridscale temperature fluxes, d k is the discrete vertical difference operator, and w is vertical velocity. The term on the left-hand side of Eq. (2) is the heat content tendency, which is balanced by the terms on the right-hand side: heat convergence due to the resolved advection and heat convergence due to parameterized subgrid-scale fluxes. The subgrid-scale fluxes included in the model are submesoscale restratification and vertical mixing (including turbulent diffusion, convection, and nonlocal KPP in the surface boundary layer). The model does not employ any mesoscale eddy parameterizations (either advective or diffusive) so that the entire mesoscale eddy contribution is contained in the resolved net advective convergence term.
To separately assess the contributions from the time mean circulation (i.e., the Eulerian mean) and mesoscale eddies, we perform an eddy-mean decomposition on the advective temperature flux uu. The eddy temperature flux is calculated as
where the overbar indicates a long-term time average, and the prime is the deviation of 5-day averaged quantities from the longer time average. We follow the method in appendix B of Griffies et al. (2015) , utilizing 20-yr monthly climatologies for the time averaging, which removes the influence of the seasonal cycle on the eddy calculation. The eddy heat convergence term will still contain contributions from interannual variability and correlated long-term trends in u and u. However, comparison of convergences calculated over different time periods indicates that these contributions to the eddy convergence are minor. It is worth noting that the resolved eddy heat flux, as calculated in Eq. (3), explicitly represents both isopycnal diffusion, arising from the action of resolved eddy stirring and mixing along-isopycnal temperature gradients, and what is usually thought of as eddy-induced advection in coarse-resolution models [i.e., as represented by the Gent and McWilliams (1990) parameterization (GM)]. As discussed in Kuhlbrodt et al. (2015) , previous studies have not used the term ''eddy advection'' of heat consistently, which makes comparison between them difficult and confusing. Studies analyzing eddying models with no parameterized isopycnal diffusion (e.g., Wolfe et al. 2008; Morrison et al. 2013; Griffies et al. 2015) , have used the terminology ''eddy advection'' to refer to the net resolved eddy heat flux, which is the sum of isopycnal diffusion and eddy-induced advection in coarse-resolution models. It is not a straightforward task to separate out the diffusive-like eddy flux from the net effect of the resolved mesoscale field, as calculated using the usual eddy-mean decomposition [i.e., Eq. (3)]. In contrast, studies using eddy-permitting models that utilize a parameterization for isopycnal diffusion, but not for eddy-induced advection (e.g., Exarchou et al. 2015; Kuhlbrodt et al. 2015) , use the term ''eddy advection'' to refer to what they consider to be only the purely advective eddy flux (though this likely contains a small component of partially resolved diffusive-like effects also). Therefore an accurate comparison between the two types of studies should contrast the ''eddy advection'' from the former (Wolfe et al. 2008; Morrison et al. 2013; Griffies et al. 2015) , with the sum of the ''eddy advection'' and parameterized isopycnal diffusion in the latter (Exarchou et al. 2015; Kuhlbrodt et al. 2015) . In this study, in order to facilitate easier and more transparent comparison with coarse-resolution models and those using parameterized isopycnal diffusion, we choose to use the term ''eddy advection and diffusion'' or ''net eddy flux'' to refer to the net resolved eddy heat flux. This is equivalent to the ''eddy advection'' in Morrison et al. (2013) and Griffies et al. (2015) .
The heat budget terms are calculated at each time step online [except the net eddy term, which is calculated as per Eq. (3) using 5-day averaged output] and averaged over the final 20 yr of the simulations.
b. Vertical heat budget
We integrate Eq. (2) over the region 308-608S for each vertical model level in the control simulation, showing the result in Fig. 5a , normalized by layer thickness. The values represent the net convergence at each depth, including both vertical fluxes and meridional fluxes across the boundaries at 308S and 608S. For the control simulation, the primary balance beneath the level of the deep Southern Ocean mixed layers (;500 m) is between heating by the time mean advection (blue) and cooling by the resolved eddies (green), consistent with previous studies (e.g., Gregory 2000; Wolfe et al. 2008) , as explained in section 1. Convergence due to the submesoscale parameterization (magenta) and vertical mixing (black) are only significant within the mixed layer. Because of the short time scale of the simulation (200 yr), there remains a drift in the ocean heat content, shown by the tendency term (red). This drift in the control simulation is, on average, 27% of the climate change anomaly over the depth range 486-1075 m. Clearly the drift is not ideal and may influence our results. However, given that we find a strong dependence of the heat uptake on the mean state of the ocean, it is perhaps more important to minimize the bias in the circulation and tracer gradients in the control simulation compared with observations. The control simulation is initialized from observations such that the ocean tracer distributions and circulation drift farther away from the observed state the longer the simulation is run. Griffies et al. (2015) show that the rich eddy field in CM2.6 greatly reduces the ocean temperature bias compared with lower-resolution models.
The heat budget anomaly (1% yr 21 CO 2 simulation minus control) is shown in Fig. 5b . On first inspection, the response appears rather complicated, with different processes converging heat at different depths, leading to the positive tendency (red). Above 300 m, mixed layer processes [submesoscale restratification (magenta) and vertical mixing (black)] dominate the heat convergence.
As it is expected that the heat content signal will spread to the base of the mixed layer, it is a more interesting problem to focus on the processes below this depth. As outlined in section 1, the two previously identified mechanisms that may drive deep Southern Ocean warming are: 1) an enhancement of the downward time mean advective heat transport or 2) a reduction in the upward net eddy heat transport (Fig. 1) . In CM2.6, we find that both of these mechanisms are present, but their respective dominance alternates at different depths in the water column. Between 400-and 750-m depth, where the warming trend is maximum below the mixed layer, warming is primarily driven by a reduction in the net eddy cooling (green), consistent with a decrease in the along-isopycnal temperature gradient suggested by Gregory (2000) . Beneath this, down to 1600 m, the warming is driven instead by an increased heat convergence by the time mean circulation (blue). Below 1600 m, the change in the net eddy heat flux again dominates. However, we note that there is very little heat content increase below 1600 m by the end of the simulation (Fig. 3b) . We find that more sense can be made of the complicated depth structure by considering the 308-608S heat budget anomaly below 300 m (i.e., the lower panel of Fig. 5b ) split into a northern and southern region. We divide the region into two parts based on the location of the annual maximum mixed layer depth (shown by the cyan line in Fig. 3a) , which is approximately spatially aligned with the heat content anomaly. This lateral division reveals that north of the deep mixed layers, the warming is driven primarily by a reduction in net eddy cooling (cf. green lines in Figs. 5a,c) , whereas, south of the deep mixed layers, the warming is driven primarily by an enhancement of the time mean advection (blue line, Fig. 5d ). This interesting distinction between the dominant heat budget processes to the north and south of the deep mixed layers arises only when taking the difference between the 1% yr 21 CO 2 simulation and the control. In the control simulation, the heat budgets in the northern and southern regions of the Southern Ocean are qualitatively similar to that shown in Fig. 5a . The lateral separation of these two distinct mechanisms (eddy vs mean) can be conceptually understood in terms of the climatological circulation and changes in isopycnal temperature gradients. The deep mixed layers, which we use to divide the northern and southern regions, are aligned with the location of mode water formation at roughly 408-458S. At these latitudes, the climatological meridional surface transport is convergent, which leads to subduction of the heat anomaly into the interior. The heat anomaly remains relatively fixed at the location of the deep mixed layers, rather than being further advected northward along the mode water pathways (Fig. 4) . The temperature along a Southern Ocean isopycnal increases northward and downward away from the surface (Fig. 6) . The meridional isopycnal temperature gradient decreases most rapidly just on the northern side of the peak warming anomaly (i.e., between ;358 and 458S). The large reduction in net eddy cooling (i.e., a positive anomaly) north of the deep mixed layers (Fig. 5c) is consistent with the decrease in isopycnal temperature gradients there.
South of the deep mixed layers, between 500-and 1600-m depth, the increase in the time mean heat convergence, which is partially opposed by a corresponding increase in the net eddy heat divergence (Fig. 5d ), is consistent with existing understanding of how mean and eddy volume transports respond to enhanced wind stress (e.g., Morrison and Hogg 2013) . As the zonal wind stress and surface buoyancy forcing increase in the climate change simulation (Fig. 7) , the upwelling limb of the residual overturning circulation increases. Warming at depth occurs because the increase in the downward time mean heat advection (blue) is larger than the increase in the upward net eddy heat flux (green). The increase in the mean advection is limited to the south of the deep mixed layers (cf. Figs. 5c,d) , where the increasing wind stress drives enhanced upwelling. To the north of the deep mixed layers, the wind stress decreases, resulting in decreased mean heat convergence. In summary, we find evidence for both mechanisms previously identified for deep Southern Ocean warming. South of the deep mixed layers, the heat convergence is driven primarily by enhanced mean flow (consistent with Cai et al. 2010; Marshall and Zanna 2014; Bryan et al. 2014; Exarchou et al. 2015; Kuhlbrodt et al. 2015) . North of the deep mixed layers, a reduction in the upward net eddy heat flux drives the warming, at least partially driven by decreasing isopycnal temperature gradients (as found by Gregory 2000; Dalan et al. 2005; Morrison et al. 2013 ). The spatial separation of warming mechanisms (mean flow in the south, eddies in the north), highlights the sensitivity of the results to the choice of averaging region and may explain the seemingly inconsistent results of previous studies regarding the dominant mechanisms.
c. Calculation of eddy heat diffusion
To determine whether the warming by eddies north of the deep mixed layers is due to changes in the eddy advective or eddy diffusive fluxes, we use the method of Lee et al. (2007) to separate the net eddy heat transport into diffusive and advective components. The net resolved meridional heat transport on an isopycnal layer can be written as
where h is isopycnal thickness and y and u are the meridional velocity and potential temperature on the isopycnal. The first term on the right-hand side is the advective heat transport due to the residual circulation yh (i.e., mean plus eddy advection), and the second term is the resolved eddy diffusion, arising because of correlations between deviations of y and u on isopycnals. To calculate the net advective heat transport [first term on the right-hand side of Eq. (4)], we bin 5-day averages of y and u onto 48 s 1 density layers. We define isopycnals using s 1 , because nearly all of the heat transport anomaly is concentrated in the upper 2 km of the water column, and a comparison using s 2 layers revealed insignificant differences. The depth integral of the eddy diffusion term [last term in Eq. (4)] is calculated as the residual between the depth-integrated net heat transport (i.e., the term on the left-hand side, calculated online on depth levels) and the net advective heat transport integrated over all isopycnals [first term on the right-hand side of Eq. (4)]. Unfortunately we are only able to calculate the depth-integrated eddy diffusion because of a lack of necessary online diagnostics to compute the net heat advection on individual isopycnal layers. Therefore, we only show the depth-integrated separation of the net eddy heat transport. Figure 8a shows the meridional heat budget for the control simulation. The meridional budget is calculated from Eq. (2), by taking the zonal and depth integral, as well as the cumulative integral from the south. We use a zonal average rather than a streamline average, even though the heat uptake features are not strictly zonal because closed circumpolar streamlines exist only for a small subset of the latitude range in which we are interested. Integrating Eq. (2) results in the tendency term (i.e., drift; red) and net resolved northward heat transport (green). The meridional parameterized submesoscale heat flux is orders of magnitude smaller than the resolved transport and is not shown. The heat content tendency and net northward transport are balanced by the cumulative integral from the south of the air-sea heat flux (black). The depth-integrated net heat transport (green) in the control is southward everywhere in the Southern Ocean. Over the latitude range 438-568S, the net heat transport is divergent (i.e., meridional heat transport › y . 0), implying heat gain at the surface (given small heat content tendency). Elsewhere over the Southern Ocean, the ocean heat transport is convergent, and the modeled air-sea heat flux on average cools the ocean. The net resolved northward heat transport (green) is separated using the decompositions in Eqs. (3) and (4) into three components: the time mean advective heat transport (blue, equivalent to the blue lines in Fig. 5 ), the eddy advective heat transport (magenta), and the eddy diffusive heat transport (cyan). The magnitude and latitudinal shape of the eddy advective and diffusive transports are similar to those calculated using the 1 /128 Ocean Circulation and Climate Advanced Model (OCCAM) by Lee et al. (2007) . Both components of the net eddy heat transport are predominantly southward in the control simulation, representing a flattening of isopycnals by the eddy advective transport and downgradient temperature diffusion along isopycnals by the eddy diffusive transport.
d. Meridional heat budget
The meridional heat budget anomaly under increasing CO 2 (Fig. 8b) is of interest because the northward transport of the heat anomaly by the ocean plays an important role in keeping SST low in the south and allowing for continued heat uptake by the Southern Ocean. The surface heat flux anomaly (black) into the ocean occurs primarily between 508 and 608S (as shown previously in Fig. 2a ). Heat storage (red) over this latitude range is small, and instead there is a large northward heat transport anomaly, increasing up to 458S (green), driven by the time mean advection (blue). We explore further in section 5 whether this enhancement of the northward heat transport by the time mean advection is due primarily to wind-driven increases in the Ekman transport or simply passive heat advection by the existing circulation. There is a strong convergence in the net heat transport (green) at ;408-458S, aligning with the peak warming signal seen in Figs. 3 and 4 . The convergence is due to changes in the time mean heat advection (blue), partially opposed by changes in the eddy advection (magenta). While there is large northward increase in the mean advective heat transport between 458 and 508S (blue), this drops off sharply to no change or even a southward anomaly between 358 and 458S. This result-that the peak Southern Ocean heat convergence is driven primarily by enhanced mean flow, rather than eddies-is in agreement with the vertical heat budget south of the deep mixed layers (Fig. 5d) and those previous studies identifying this mechanism (Cai et al. 2010; Marshall and Zanna 2014; Bryan et al. 2014; Exarchou et al. 2015; Kuhlbrodt et al. 2015) .
There are several possible drivers for the sharp decrease in the northward mean heat transport anomaly at 358-458S, including 1) decreased winds (Fig. 7a) resulting in less northward Ekman transport at this latitude range, 2) a southward shift of the subtropical gyre leading to a reorganization of the existing temperature distribution (e.g., Cai et al. 2010; Winton et al. 2013) , or 3) a lightening of surface waters leading to reduced midlatitude convection and northward volume transport into the mode waters. We do not explore these possible mechanisms further in this paper, as further perturbation experiments would be required to distinguish between them.
While we find that changes in the eddy heat transport do not play a role in driving the prominent midlatitude heat convergence, eddies are very important for transporting the heat content anomaly farther north beyond the deep mixed layers. Between 348 and 448S, a reduced southward transport (i.e., positive northward anomaly) by both the eddy advective and diffusive heat transports is responsible for four-fifths (78%) of the average northward heat transport anomaly at these latitudes (sum of cyan and magenta lines in Fig. 8b ). The reader may find it useful to refer to the summary schematic in Fig. 11 , which places the eddy heat transport change in the wider Southern Ocean context. The southward eddy diffusion decreases most strongly between 368 and 438S (cyan line in Fig. 8b) , consistent with where we expect the isopycnal temperature gradient to decrease the most (i.e., just to the north of the peak warming). Less southward eddy heat diffusion along isopycnals leads to a northward heat transport anomaly and a retaining of heat at depth. There is also a very strong decrease in the southward advective eddy heat transport (magenta) at 348-408S, though this is largely compensated by opposing changes in the mean heat transport (blue). We explore the drivers of these eddy heat transport changes in the next section. On the northern edge of the large positive eddy heat transport anomalies (i.e., 308-388S), the changes in the eddy terms are convergent. Therefore, the Southern Ocean warming north of 388S is driven by changing eddy heat fluxes. The structure of the mean and net eddy heat transport anomalies are similar to those found by Bryan et al. (2014) . In a high-resolution CCSM 1% yr 21 increasing CO 2 simulation, they also found a large northward anomaly in the mean heat transport centered at 508S and a large northward anomaly in the net eddy heat transport centered at 408S.
e. Drivers of changing eddy heat transport
Given the importance of eddies for transporting heat northward from the peak convergence at 408-458S, we investigate further some of the drivers of the eddy heat transport changes: eddy kinetic energy, isopycnal temperature gradients, and isopycnal slopes (Fig. 9) . Eddy kinetic energy (EKE) is calculated as (u 02 1 y 02 )/2, with primed quantities representing differences between 5-day averages and a 20-yr time mean, and averaged over the top 1590 m. The along-isopycnal temperature gradients and isopycnal slopes are averaged over the isopycnals bounded by the upper and lower s 1 density surfaces (black lines) shown in Fig. 4 , aligned with the main warming region and corresponding to roughly 0-1500 m. The along-isopycnal temperature gradients and isopycnal slopes were calculated by binning 5-day averaged data onto 21 s 1 density surfaces between the two bounding isopycnals. Results in Figs. 9b,c were smoothed using a 58 meridional window and are shown only for latitudes where the total thickness of the included isopycnals is .300 m.
We wish to understand why there is a large reduction in both the diffusive and advective components of the southward eddy heat transport, resulting in the onward transport of the heat anomaly northward from the peak convergence region. Possible mechanisms for a reduction in the diffusive eddy heat transport could be either a decrease in eddy kinetic energy [according to the scaling of Ferrari and Nikurashin (2010) ] or a decrease in the along-isopycnal meridional temperature gradient (Gregory 2000) . We find that both of these mechanisms play a role in the CM2.6 climate change experiment. As seen in Fig. 8b , the southward eddy heat diffusion reduces most strongly between 368 and 438S. The EKE decreases in the northern part of this range (358-408S; Fig. 9a ) because of increased stratification (Fig. 9c ) and decreased wind stress (Fig. 7a) . The alongisopycnal temperature gradient decreases over a wider range, from ;338 to 458S (Fig. 9b) . While the absolute change in the isopycnal temperature gradient peaks at 428S, the largest relative change occurs to the north of 418S, where there is nearly uniform 30% decrease between ;338 and 418S. Therefore, the reduction in the southward eddy heat diffusion is primarily due to a reduced isopycnal temperature gradient in the south and both reduced EKE and isopycnal temperature gradient in the north. The sharp decrease in the southward eddy heat advection at 348-408S (Fig. 8b ) is meridionally aligned with the decrease in EKE and corresponding flattening of isopycnal slopes (Figs. 9a,c) . The downward movement of isopycnals (dashed black lines in Fig. 4) is enhanced in the region of maximum warming. The change in isopycnals is smaller outside this region because of the minimal water mass changes. Therefore isopycnal slopes flatten north of the peak warming and steepen south of the peak warming (Figs. 6, 9c) .
In summary, a decrease in the southward eddy heat transport between 348 and 448S is responsible for fourfifths of the northward heat transport anomaly over this latitude range (Fig. 11) . The reason that eddies play such a significant role at this particular locationsituated just to the north of the peak warming convergence-is because of the direct influence of the warming. The enhanced ocean heat content at 408-458S has the effect of flattening isopycnal slopes and decreasing eddy kinetic energy and along-isopycnal temperature gradients on the northern edge of the peak warming. These changes decrease the southward eddy heat transport. Significant decreases in both the advective and diffusive eddy heat transports allow for the northward transport of the heat content anomaly out of the Southern Ocean. Without the eddy transport changes, more heat would remain trapped in the Southern Ocean, leading to a larger increase in SST and less ocean heat uptake.
Impact of enhanced upwelling on heat uptake
In section 4, we saw that it is primarily an enhancement of the mean heat advection that transports the heat anomaly away from where it is taken up in the high latitudes, northward to the midlatitude deep mixed layers. As indicated by Eq. (1), the mean heat advection could increase via two possible mechanisms: either the rate of upwelling and velocity in the Ekman layer could increase and transport more surface water northward, or increased temperatures could lead to a passive advection of the heat content anomaly by the existing circulation. In this section we investigate this question by separating the influence of changing temperature and velocity on the net heat advection. To account for the role of eddies in Eq. (1), we apply an eddy-mean decomposition to the velocity and potential temperature:
Then expressing the mean velocity in the climate change experiment as y CO 2 5 y 1860 1 Dy (and similarly for potential temperature) leads to the following separation for the net temperature transport anomaly:
Dyu 5 y 1860 Du 1 (Dy)u 1860 1 (DyDu 1 Dy 0 u 0 ) , (6) where D indicates a difference between the 1% yr 21 CO 2 experiment and the control, and the 1860 subscript refers to quantities in the control simulation. Averages are taken over a 20-yr period, and eddy quantities are calculated using 5-day averaged data and by removing the seasonal cycle, as explained following Eq. (3). The first term on the right-hand side of Eq. (6) represents passive advection of the temperature anomaly by the existing time mean circulation in the control simulation. The second term represents a redistribution of the original temperature structure and could be important if there are significant changes in circulation. The final two terms represent altered temperature transport due to changes in both circulation and temperature, including eddy changes. Previous coarse-resolution model studies have generally considered these two terms to be small (e.g., Winton et al. 2013 ), and we find that south of the deep mixed layers, the net eddy change is small (sum of magenta and cyan lines in Fig. 8b ). The dashed lines in Fig. 10 represent the terms in Eq. (6) integrated zonally and over the top 100-m depth. We find that it is only necessary to examine the upper 100 m, because this accounts for nearly all of the northward transport of the additional absorbed heat southward of ;478S (cf. green and black lines). South of the deep mixed layers, there is only a minimal transfer of heat downward below 100 m (yellow line), with the vast majority remaining in the surface Ekman layer. We find that passive advection (magenta) is the dominant term, accounting for four-fifths (78%) of the surface northward heat transport anomaly south of the deep mixed layers (averaged between 488 and 588S). The maximum strength of the modeled residual overturning (upper cell) in the Southern Ocean increases by 12% at the time of double CO 2 relative to the control simulation, driven by both increased wind stress and surface buoyancy forcing (Fig. 7) . The enhanced overturning leads to a nonnegligible redistribution term (blue), which accounts for 20% of the northward heat transport anomaly south of the deep mixed layers. These results are summarized in Fig. 11 and are qualitatively consistent with Marshall et al. (2015) , who also found that passive advection of the heat content anomaly dominates.
While increased upwelling has a relatively minor impact in this study relative to the passive advection term, the fact that it is still a significant fraction (20%) of the heat transport anomaly indicates that overturning circulation change could be a dominant mechanism controlling Southern Ocean heat uptake in models with larger wind stress changes and more responsive ocean circulation. In the eddying CM2.6 simulation presented here, the maximum wind stress increases by 5%, and the surface buoyancy forcing, averaged between 508 and 608S, increases by 28% at the time of doubled CO 2 (Fig. 7) . As a result of these atmospheric forcing changes, the Southern Ocean residual overturning increases by 12% in the climate change experiment. Given the coupled nature of the model, it is not possible to separate out the overturning sensitivity to the wind and buoyancy forcing changes or the degree of eddy compensation. However, results from idealized modeling studies would suggest that the 12% increase in overturning is driven primarily by the enhanced surface buoyancy forcing (Morrison et al. 2011 ), or at least by wind-induced feedbacks in the buoyancy forcing FIG. 11 . Schematic illustrating the key mechanisms of the heat transport anomaly in CM2.6. Background shading shows ocean heat storage, and gray lines indicate isopycnals. Red arrows show anomalies of the air-sea flux (dashed), mean heat transport (solid), and eddy heat transport (squiggly). The region 508-608S dominates the global surface heat uptake, because upwelling keeps SST consistently cool, as the atmosphere above warms strongly. The heat is advected away from the uptake region primarily (four-fifths) by the existing time mean circulation, with a small contribution (one-fifth) from the enhanced overturning circulation. There is a strong heat convergence at the deep mixed layers (408-458S) because of the limited mean heat transport anomaly on the northern side. Instead, eddies account for four-fifths of the net heat transport anomaly on the northern edge of the main heat convergence. (Abernathey et al. 2011) . The relatively small wind stress response and the expected eddy compensation (e.g., Hallberg and Gnanadesikan 2006; Morrison and Hogg 2013) lead us to hypothesize that the direct effect of the enhanced wind stress via the Ekman transport plays a very minor role in the residual overturning transport change in CM2.6. However, as we discuss in the following section, overturning change may play a larger role in driving Southern Ocean heat uptake and northward transport in the real ocean and other models.
Discussion and conclusions
Recent observations and model simulations have noted the dominant role of the Southern Ocean in global oceanic heat uptake. Sustained heat uptake over the Southern Ocean occurs because the northward transport of the heat content anomaly combined with cold upwelling keeps SST cool in the uptake region, even as the atmosphere warms. In this paper, we have used an eddying global climate model to investigate the processes that transport the heat anomaly northward and downward from the surface uptake region (508-608S) and converge it at middepths in the midlatitude Southern Ocean (408-458S).
Previous studies disagree on whether the heat transport anomaly and warming are driven primarily by changes in the time mean or eddy heat transport (Fig. 1) . We find that changes in both the mean flow and eddies are dynamically significant. However, there is a geographical separation of the two mechanisms, as shown in the summary schematic (Fig. 11) . South of the deep mixed layers, a large northward increase in the mean advective heat transport in the surface Ekman layer moves the heat content anomaly away from the uptake region. The northward increase in the mean heat transport stops abruptly at the deep mixed layers, with only minimal advection into the mode water pathways, thereby resulting in the large midlatitude heat convergence. The reason for the discontinuity in the mean heat transport anomaly at the deep mixed layers remains an interesting open question for future studies.
The intense warming at the deep mixed layers alters the isopycnal slopes and along-isopycnal temperature gradients on the northern edge of the peak warming and thus drives a decrease in southward eddy heat fluxes there (i.e., a northward anomaly). Between 348 and 448S, eddies account for four-fifths (78%) of the anthropogenic northward heat transport. Without these eddy transport changes, more heat would remain trapped in the Southern Ocean, leading to a larger increase in SST and less ocean heat uptake. Because different mechanisms dominate in different parts of the Southern Ocean, budget integrals are highly sensitive to the choice of averaging region. This may explain the seemingly inconsistent results of previous studies regarding the dominant mechanisms.
In this study, enhanced Southern Ocean upwelling plays a small but nonnegligible role in the northward heat transport anomaly south of the deep mixed layers. In CM2.6, the upper residual overturning increases by 12%, predominantly driven by enhanced surface buoyancy forcing. This 12% increase in upwelling accounts for 20% of the northward heat transport anomaly. While the upwelling increase has a relatively minor impact on the heat transport compared with the passive advection component in the model, larger wind stress changes in the real world would indicate that enhanced upwelling could be important for driving the observed ocean heat uptake. The 1% yr 21 CO 2 simulation analyzed here has a small wind stress change (15% after 70 yr) because of the lack of ozone forcing, as well as CM2.6 likely suffering from a common model bias for grossly underestimating wind stress changes (e.g., Swart and Fyfe 2012) . Historical reanalysis products indicate that Southern Ocean wind stress may have increased by ;15% from 1979 to 2010 (Swart and Fyfe 2012) . A larger wind stress increase would drive stronger upwelling and therefore lead to a larger role for ocean circulation change in Southern Ocean heat uptake and transport.
Coarse-resolution models generally have a more responsive overturning circulation than eddying models as a result of inadequate eddy parameterizations (e.g., Hallberg and Gnanadesikan 2006; Morrison et al. 2013) . Our results imply that if coarse-resolution models overestimate the overturning response to enhanced wind stress, they will simulate a larger northward heat transport anomaly and therefore a larger simulated Southern Ocean heat uptake.
The results of this study give insight into some of the mechanisms that may explain the huge range of Southern Ocean heat uptake in the CMIP5 model suite. The parameterization of eddies in these models may be expected to play a critical role in controlling the rate of anthropogenic heat transport out of the Southern Ocean, and thus also in setting the magnitude of heat uptake. Bryan et al. (2014) show that a coarse-resolution model with a variable GM coefficient is able to produce approximately the same pattern of eddy heat transport change, but of reduced magnitude compared with a higher-resolution model. Furthermore, models with more sensitive overturning circulation, or larger wind stress changes, may be expected to have increased heat uptake compared to those with little overturning change.
While our study has provided insight into the role of eddies and the overturning circulation in Southern Ocean heat uptake, our understanding remains far from complete. We have not considered the impact of atmospheric processes, such as aerosols and clouds, that likely also affect the magnitude of heat uptake. It is also possible that processes that are insignificant in CM2.6, such as vertical diffusion, may play a more significant role in other model simulations.
